The distribution and systematic signi®cance of aluminium accumulation is surveyed based on semi-quantitative tests of 166 species, representing all tribes and subfamilies of the Melastomataceae as well as a few members of related families within the Myrtales. The character is strongly present in nearly all members of the Memecylaceae and in most primitive taxa of the Melastomataceae, while non-accumulating taxa are widespread in the more derived tribes of the Melastomataceae. The variable distribution of Al accumulation in advanced clades of the latter family is probably associated with the tendency to herbaceousness, although it is unclear whether the more herbaceous representatives have developed more specialized Al-response mechanisms that may exclude high Al levels from the shoot. It is hypothesized that Al accumulation is symplesiomorphic for Melastomataceae and Memecylaceae, and that the feature characterizes the most primitive families in the Myrtales. Indeed, Al accumulation is also characteristic of Crypteroniaceae, Rhynchocalycaceae and Vochysiaceae. Crypteroniaceae and Rhynchocalycaceae probably take a basal position in a sister clade of the Memecylaceae and Melastomataceae, while Al accumulation suggests a basal position for Vochysiaceae in the Myrtaceae clade.
INTRODUCTION
Only a small fraction of plant species take up high levels of aluminium (Al) in their above-ground tissues. Generally, plants are classi®ed as accumulators if they accumulate at least 1000 mg kg ±1 in their leaves (Hutchinson and Wollack, 1943; Robinson and Edgington, 1945; Chenery, 1948a) . Our knowledge of Al accumulators is built mainly on the substantial contributions made by Chenery starting some 50 years ago (Chenery, 1946a (Chenery, , b, 1948a (Chenery, , b, 1949 . Chenery and Sporne (1976) concluded that Al accumulation is a primitive character mainly characteristic of woody and tropical representatives of fairly advanced families (e.g. Anisophylleaceae, Hydrangeaceae, Melastomataceae, Rubiaceae, Theaceae, Symplocaceae, Vochysiaceae). The feature has been suggested to provide useful systematic information at different taxonomic levels in recent phylogenetic studies of the angiosperms (Jansen et al., 2002a) . With respect to other metals, there is a signi®cant variation in shoot heavy metal content at the classi®cation level of order or above, which implies that these differences can be attributed to rather deep evolutionary processes. Accordingly, it is suggested that phylogeny in¯uences the trait of heavy metal accumulation in¯owering plants (Broadley et al., 2001 ).
To date, Al accumulation has been found in 52 families according to the Angiosperm Phylogeny Group (APG) system, which largely belong to the eudicots (APG, 1998) . Although the largest number of Al-accumulating species is suggested to occur in the Rubiaceae (Gentianales), the family Melastomataceae (Myrtales) probably has just as many accumulators (Chenery, 1948b) . Species of the Rubiaceae and Melastomataceae are among the most abundant and diversi®ed plant families throughout the tropics. Moreover, it had already been noticed in the 18th century that leaves of Memecylon edule Roxb. were used by dyers in southern India as a mordant in place of alum (Hutchinson, 1943) . Indeed, the traditional use of plants as a mordant has revealed many cases of Al-accumulating plants, especially in South East Asia. Furthermore, Kukachka and Miller (1980) suggested that within the family Melastomataceae, systematic trends might be evident as all or many of the genera studied in this family show high Al concentrations in the wood.
The Melastomataceae include about 4500 species in approx. 166 genera, while their traditional relatives, the Memecylaceae, comprise approx. 430 species and six genera (Renner, 1993) . Their intrafamilial classi®cation was poorly understood and relied largely on the system of Triana (1871) . Recently, a cladistic analysis of morphological and anatomical characters resulted in a new subfamilial and tribal classi®cation (Renner, 1993) . This system has now been tested, based on analyses of sequences from the rbcL and ndhF genes and the rpl16 intron (Clausing and Renner, 2001) . Moreover, rbcL data showed 100 % bootstrap support for a Memecylaceae and Melastomataceae clade (Conti et al., 1996 (Conti et al., , 1997 , and monophyly of these families is also well supported (98 %) in the strict consensus tree according to Clausing and Renner (2001) .
Based on semi-quantitative Al analyses of wood and leaves, we have already given attention to Al accumulators in the family Rubiaceae (Jansen et al., 2000a, b) . The present paper focuses on the occurrence of Al accumulators in Melastomataceae. We therefore examined leaves of herbarium material since the leaves of accumulating species generally contain high concentrations of Al. It is our aim to review the distribution of Al in representatives of all tribes and subfamilies, and to determine the systematic value of the feature in view of recent phylogenetic insights. A summary of the literature data allows a comparison of our results with earlier data. Finally, suggestions are presented on the evolution of Al accumulation in the order Myrtales. Further understanding of the distribution and evolution of Al accumulators and the physiological processes may contribute to the development of more resistant crops or plants that can be used for food, forage for animals or for recuperation of degraded lands.
MA TE R IA L S A N D ME T H O D S
Leaves of Crypteroniaceae, Melastomataceae, Memecylaceae and Oliniaceae were mainly collected from the herbarium of the National Botanic Garden of Belgium (BR); only for a few samples was material from other herbaria used. All 166 specimens tested are listed in the Appendix.
High Al concentrations in leaves were detected according to the`aluminon' test as described by Chenery (1948b) and followed by Jansen et al. (2000b) . This simple but adequate test allows accumulators and non-accumulators to be identi®ed by assessing the intensity of colour: crimson to dark red or red for accumulators, and various colours from pink to yellow or dark brown for non-accumulators.
The feature was plotted on a molecular phylogenetic tree for Melastomataceae and Memecylaceae (Clausing and Renner, 2001) , as well as for the order Myrtales (Conti et al., 1997; Savolainen et al., 2000; Wilson et al., 2001) using MacClade 4´0 (Maddison and Maddison, 2000) . The classi®cation of Renner (1993) is followed throughout this paper.
Numerous members of the Memecylaceae and Melastomataceae accumulate more than 10 000 mg kg ±1 in their leaves and can therefore be labelled as Al hyperaccumulators'. Since precise quantitative data on Al content are beyond the scope of this study, we use the term accumulation' and`accumulators' throughout this paper for all accumulating plants, even though the exact Al content may well be above 10 000 mg kg ±1 .
R E SU L T S
In 57 specimens the leaf tests produced a crimson colour. In 22 specimens the colour turned red to dark red, whereas a negative test was found for all other specimens tested. In only a few specimens did the pinkish or light-red colour of the reagent remain unchanged; this may indicate that the Al content was slightly above average in the leaves, but cannot be interpreted as typical of accumulators.
Within the Memecylaceae, all specimens tested were positive except one specimen of Memecylon dichotomum. Many accumulators were found in the Kibessieae, Astronieae, Miconieae and Microlicieae. The genera in which the Al-test produced a red to dark-red colour included Huberia (Merianeae), Rhexia (Rhexieae), Chaetostoma and Microlicia (Microlicieae), and several members of the Melastomateae and Miconieae. Positive and negative specimens occurred in the Oxyspora alliance of the Sonerileae, while numerous species of the Sonerila± Bertolonia±Gravesia alliance, the Melastomeae and Miconieae reacted negatively. Negative tests were also obtained for all Blakeeae.
Positive tests were found for Rhynchocalyx (Rhynchocalycaceae), Axinandra and Crypteronia (Crypteroniaceae), but a specimen of Dactylocladus (Crypteroniaceae) was negative. Non-accumulating specimens were obtained for all specimens of Alzateaceae, Combretaceae, Heteropyxidaceae, Myrtaceae, Oliniaceae, Penaeaceae and Psiloxylaceae.
For most species investigated here, only one leaf sample was tested. However, for ®ve species two specimens were investigated. There was a striking difference between the two specimens of Memecylon dichotomum, with one sample producing a crimson colour and the other being clearly negative. The specimens of Crypteronia paniculata differed to a lesser extent. No differences were found between the different specimens of the other species; the specimens of Melastromastrum segregatum were distinctly positive, whereas the samples of Arthrostemma ciliatum and Maieta guianensis were negative.
D I SC U S S IO N

Al accumulation in Memecylaceae and Melastomataceae compared with earlier results
In general, our observations agree well with the earlier Altests for leaves (see Table 1 ). Chenery (1946a Chenery ( , 1948a detected the major groups in which Al accumulation is dominant, namely Memecylaceae, Kibessieae, Astronieae, Merianeae, Rhexia (Rhexieae), Microlicieae and Miconieae. In only a small proportion of the genera tested are there specimens that proved to be negative according to our tests, while all specimens tested by Chenery (1948a, b) were positive, namely Cambessedesia, Conostegia, Dionycha, Gravesia, Loreya, Mecranium, Osbeckia and Pachyloma. On the other hand, Al accumulation was detected in Dinophora and Sandemania, but the single specimens of these genera were negative according to Chenery (1948b) . Moreover, the specimens of Behuria and Meriania tested here gave a light-red colour, which indicates that Al levels are not very far below 1000 mg kg ±1 , so that the presence of accumulation is not remarkable in other species or specimens.
There is also good general agreement between the Altests for leaves and Al accumulation in the secondary xylem, as reported by Kukachka and Miller (1980) . However, these authors did not mention negative wood tests in their paper. Except for Dichaetanthera, all genera that reacted positively in wood tests belong to the Memecylaceae, Kibessieae, Astronieae, Merianeae and Miconieae. It is suggested that taxa with positive wood tests largely correspond with genera or species that show Al accumulation in the leaves, but two counter examples exist, namely Charianthus and Loreya. Similar results were obtained by comparing wood and leaf tests in Rubiaceae (Jansen et al., 2000a, b) and it was concluded that Al is more strongly accumulated in leaves than in wood. However, a more detailed study of wood samples is needed to test this hypothesis in members of the Myrtales. Furthermore, most Al accumulators also show high Al levels in tissues of the bark, seeds and fruits. In some representatives of Memecylaceae (Memecylon, Miconia), Myrtaceae (Eugenia) and Vochysiaceae (Qualea, Vochysia), Al con- 6 (1/1) 7 ; Spathandra (1/1) 7 ; Votomita (2/2) 7 ; Warneckea (1/1) 3 Melastomataceae Kibessieae Pternandra 5 (2/2) 2 (9/9) 3 (1/1) 7 (incl. Kibessia 5 ) Astronieae Astrocalyx 5 (2/2) 3 ; Astronia 5 (2/2) 4 (7/8) 3 (1/1) 7 ; Astronidium 5 ; Beccarianthus 5 (2/2) 7 (incl. Bamlera) Sonerileae: (Oxyspora alliance)
Anerincleistus (4/4) 3 (1/1) 7 [incl. Pomatostoma (2/2) 3 , Creaghiella (1/1) 3 , Oritrephes (1/1) 3 , Plagiopetalum (0/1) 3 , Phaulanthus (4/4) 3 ]; Barthea (2/2) 3 (1/1) 7 ; Blastus (1/3) 3 (0/1) 7 ; Bredia (1/3) 3 (1/1) 7 ; Driessenia (2/3) 3 (1/1) 7 ; Ochthocharis (2/2) 3 (1/1) 7 ; Oxyspora (4/4) 3 (1/1) 7 [incl. Allomorphia (5/5) 2, 3 , Campimia (0/1) 3 ]; Poikilogyne (1/3) 3 (0/1) 7 Sonerileae: (Sonerila±Bertolonia± Gravesia alliance)
Adelobotrys 1, 5 (3/4) 3 ; Axinaea (4/5) 3 (2/2) 7 ; Behuria (1/1) 3 (0/1) 7 ; Centronia 5 (4/4) 3 ;
Eriocnema (2/2) 3 ; Lavoisiera (6/6) 3 (1/1) 7 ; Lithobium (0/1) 3 ; Microlicia (5/6) 3 (2/2) 7 ; Rhynchanthera (3/4) 3 (1/1) 7 ; Stenodon (1/1) 3 (1/1) 7 ; Trembleya (3/4) 3 (2/2) 7 Melastomeae Paleotropical genera Kukachka and Miller (1980) 5 , Metcalfe and Chalk (1983) 6 and own tests 7 .
Genera in bold have one or more positive specimens; genera not in bold type are negative; if known, the nominator in parentheses gives the number of Al-accumulating specimens, the denominator is the total number of specimens tested.
centrations have been reported to be even higher in the bark than in the leaves (Silva, 1990; Masunaga et al., 1998c) . The lower Al levels in secondary xylem could be linked with observations that localization of Al in the leaves of some Al accumulators is mainly in the phloem elements (Haridasan et al., 1986) . This may indicate that Al in accumulators is transported in higher concentrations through the phloem than the xylem.
The results summarized in Table 1 indicate that Al accumulation is either totally absent or present in a large number of genera. Genera with a very large number of Al accumulators include Clidemia (20 accumulators out of 21 species tested), Leandra (137 out of 144), Melastoma (41 out of 41), Memecylon (187 out of 192), Miconia (314 out of 384), Mouriri (33 out of 38) and Tibouchina (60 out of 67). In contrast, Al accumulation appears to be entirely lacking in Medinilla (zero out of 17), Monochaetum (zero out of 13), Sonerila (zero out of nine) and Pleiochiton (zero out of six). In only a limited number of genera do accumulating and non-accumulating species occur in more or less equal numbers: Bredia (two out of four), Chaetostoma (three out of ®ve), Dissotis (15 out of 23), Macrocentrum (three out of six), Phyllagathis (three out of seven) and Tristemma (four out of seven). In most other genera, from which a number of representatives have been tested, the majority of specimens are either positive [e.g. Astronia (ten out of 11), Driessenia (three out of four)] or negative [e.g. Bertolonia (one out of four), Blakea (one out of 11), Poikilogyne (one out of four)]. This implies that, in general, the character is rather consistent at the generic level, which is in accordance with the general consistency found in Rubiaceae and several other angiosperm families (Jansen et al., 2000a (Jansen et al., , b, 2002a . Table 2 shows a literature survey of Melastomataceae and Memecylaceae with exact Al concentrations in their leaves. The old data summarized by Hutchinson (1943) are not included as these represent Al percentages of ash analyses.
Except for a specimen of Memecylon, all species in Table 2 have an Al content above 4000 mg kg ±1 . A specimen of Miconia acinodendron has even been found to accumulate 66 100 mg kg ±1 Al in its leavesÐthe second highest Al content detected in any plant (Chenery, 1948b) . Moreover, nearly all specimens of these genera react positively in the semi-quantitative tests. It is suggested that the precise Al concentration is correlated with the number of positive and negative specimens for each genus or species. A similar congruence between the mean relative leaf Al content and the number of accumulating species within a genus is demonstrated in Rubiaceae, for instance (Jansen et al., 2002b) . However, more quantitative analyses are needed to verify this for the Memecylaceae and Melastomataceae.
The differences noted above between our results and earlier data on Al accumulation might well be caused by inter-or intraspeci®c variation within a certain genus. Moreover, variation in Al concentration among individuals of a species or between different species of a genus may be due, to some extent, to differences in growing conditions. It is well known that environmental in¯uences, especially soil pH, determine the amount of soluble and toxic Al in the soil. Whilst some Al accumulators are restricted to acid soils, others are indifferent, and at least one Al accumulator, namely Callisthene fasciculata (Vochysiaceae), has been reported to occur only in calcareous soils in central Brazil (Haridasan and Arau Âjo, 1987) . There is also seasonal variation in Al levels in plant organs (Mazorra et al., 1987) . Hence, one must be careful in concluding that a genus or species is an Al accumulator, or that Al accumulation is completely absent, based on a limited number of tests. Also, one may not exclude the possibility that some of the herbarium specimens tested are misidenti®ed. Unfortunately, the publications of Chenery (1948a, b) give no information at the species level and do not refer to herbarium material. The systematic signi®cance of Al accumulation in Memecylaceae and Melastomataceae
The distribution of Al accumulators is plotted on a molecular phylogenetic tree for Melastomataceae and Memecylaceae (Clausing and Renner, 2001 ; Fig. 1 ). It is clear that Al accumulation is most common in the primitive taxa of the Melastomataceae, especially Kibessieae, Astronieae, Merianeae and Miconieae, and, except for a few specimens, the feature characterizes all members of the Memecylaceae, which include primary forest trees or more rarely shrubs. Most of the species in these taxa probably represent strong accumulators. Most interesting is the fact that the primitive status of Al accumulation, as suggested on the basis of statistical correlations (Chenery and Sporne, 1976) , is also supported for the study group. Indeed, the tribes that are entirely or almost completely characterized by Al accumulators are primitive. This implies that Al accumulation represents a primitive (plesiomorphic) character state, which is inherited from the common ancestor of Memecylaceae and Melastomataceae. Similarly, the presence of Al accumulators is mainly restricted to the basal Rubioideae among the Rubiaceae (Jansen et al., 2000a, b) and basal alliances within, for instance, the Polygalaceae or the asterids (Jansen et al., 2002a) .
Since the feature is much more variable in the derived members of the Melastomataceae, Al accumulation shows poor phylogenetic signals, and allows only few systematic implications within this family. The genus Macrocentrum was traditionally placed in Bertolonieae, but falls at the base of the Miconieae and Merianieae (Clausing and Renner, 2001) . The presence of Al accumulation in at least part of the Macrocentrum specimens tested can be interpreted as additional support for this position, since most members of the Bertolonieae (Bertolonia, Triolena and Monolena) are non-accumulators. However, this may also be explained by the occurrence of epiphytes in this group (see below).
The large number of Al accumulators also supports the relationship between the Rhexieae and Microlicieae. The genus Arthrostemma, however, which was placed in the Melastomateae following Renner (1993) , shows a conspicuous lack of accumulation, but this is probably due to its herbaceous habit (see below). Species of Arthrostemma are erect or somewhat perennial herbs (Almeda, 1994), but Rhexia frequently comprises woody shrubs.
Hypotheses on the absence of Al accumulation in some Melastomataceae
The lack of Al accumulation in numerous more or less derived clades of the Melastomataceae needs special attention. One possibility is that the habit may be a selective factor for high Al concentrations in the leaves. Except for some remarkable exceptions, it is well known that herbs generally do not accumulate (Chenery, 1948a (Chenery, , b, 1949 , but the physiological processes for this relationship are still not understood. The tendency to herbaceousness in several F I G . 1. The distribution of Al accumulation plotted on the strict consensus tree for Melastomataceae and Memecylaceae based on rbcL, ndhF and rpl16 data (Clausing and Renner, 2001 ); data summarized from Table 1 ; the nominator gives the number of Al-accumulating specimens, the denominator is the total number of specimens tested.
more derived branches of the Melastomataceae tends to be closely related to a relatively low shoot Al content. For example, the tribe Miconieae shows a striking difference in the number of accumulators between the palaeotropical genera (approx. 40 % positive) and the neotropical genera (approx. 80 % positive) ( Table 1 ). The most likely explanation for this contrast is that the palaeotropical Miconieae are more herbaceous and include to a lesser extent trees or treelets. A similar explanation may be given for the two groups in the Sonerileae. The Oxyspora alliance shows many more positive members (76 %) compared with the Sonerila±Bertolonia±Gravesia alliance, in which only 19 % of the specimens tested are positive (Table 1) . Nevertheless, several counter examples of herbaceous genera include accumulating specimens [e.g. Phyllagathis (three out of six), Castratella (one out of one), Eriocnema (two out of two), Pterogastra (one out of one)]. Equally, several woody taxa show no accumulation [e.g. Amphiblemma (zero out of two), Comolia (zero out of two), Chaetolepis (zero out of four), Ernestia (zero out of four), Heterocentron (zero out of two), Monochaetum (zero out of 13)]. Hence, it is not a simple matter to determine whether changes in form or habit precede changes in Al response mechanisms. Besides this difference in Al uptake between the woody and herbaceous habit, there might also be a divergence between the perennial or annual condition. The absence of high Al levels might well be caused by the epiphytic habit. Al concentrations in leaves of mistletoes parasitizing plants from the cerrado belt of Brazil depend on the nature of the host species. The same hemiparasite will show high Al levels if it is growing on Al accumulators, but low Al levels when it is growing on a non-accumulating host (Lu Èttge et al., 1998) . Genera with epiphytic or hemiepiphytic species include Blakea, Medinilla, Monolena, Topobea and Triolena, and some 300 of the 350 Dissochaeteae known are facultative or obligate epiphytes (Clausing et al., 2000) . Most specimens of these genera are non-accumulators, which is in contrast with the consistent presence in the woody shrubs or root climbers of Diplectria (Fig. 1) . It would be interesting to know whether or not epiphytic members of the Melastomataceae are able to accumulate Al when growing on an Al-accumulating host plant. This may illustrate that Al accumulation has not been lost during evolution, but is simply not expressed in most of the epiphytes analysed in this study.
Two other reasons can be suggested to explain the absence of accumulation in numerous Melastomataceae: (1) differences in environmental conditions (especially soil pH); and (2) the possible acquisition of new Al-response mechanisms in more derived groups, which may be more cost-effective and safer, to deal with the toxic Al in acid soil. Since the concentration of soluble and toxic Al depends strongly on the pH of the soil, it is possible that the nonaccumulating taxa grow on less acid soils. Hence, the variation within a genus or species can sometimes be explained by differences in soil acidity. It is not a simple matter, however, to consider the environmental in¯uences without detailed information of growing conditions. Unfortunately, no precise data are available when using herbarium material, and ®eldwork is required for further investigation of ecological conditions on Al accumulation. Moreover, in tropical rainforests, Al accumulators and excluders which coexist at the same sites vary greatly in leaf Al concentrations (e.g. Haridasan, 1982; Herrera, 1987, 1988) . For example, in leaves from 608 tropical rainforest trees in west Sumatra, the Al content varied from 6 to 36 920 mg kg ±1 (Masunaga et al., 1998b, c) . This clearly indicates that plants colonizing acid soils may successfully use different strategies and that these are not entirely under environmental control.
Al accumulation in other Myrtales
The distribution of Al accumulators in all families of the Myrtales sensu APG (1998) is summarized in Table 3 .
TAB L E 3. Aluminium accumulation in Myrtales
Family
Genera studied Alzateaceae Alzatea (0/1) 6 Combretaceae (0/5) 1 (0/6) 2 (2/21) 5 ; Combretum (0/1) 6 ; Quisqualis (0/1) 6 ; Strephonema (0/1) 6 Crypteroniaceae (7/8) 1 ; Axinandra (1/1) 5 (2/2) 6 ; Crypteronia (3/3) 6 ; Dactylocladus (0/1) 6 Heteropyxidaceae Heteropyxis (0/?) 1 (0/1) 6 Lythraceae (0/10) 1 Melastomataceae Numerous representatives positive (see Table 1 ) Memecylaceae Almost entirely positive (see Table 1 ) Myrtaceae (0/11) 1 ; (0/66) 2 ; Calyptranthes (0/1) 6 ; Eugenia (3/?) 4 (26/104) 5 ; Kjellbergiodendron (0/1) 6 ; Lophostemon (0/1) 6 ; Whiteodrendron (0/1) 6 ; Xanthostemon (4/12) 5 Oliniaceae Olinia (0/3) 1 (0/4) 5 Onagraceae (0/7) 1 (0/1) 2 Penaeaceae Brachysiphon (0/1) 6 ; Endonema (0/2) 6 ; Glischrocolla (0/1) 6 ; Penaea (0/2) 6 Psiloxylaceae Psiloxylon (0/1) 6 Rhynchocalycaceae Rhynchocalyx (1/1) 5 (1/1) 6 Vochysiaceae Callisthene 3 (3/3) 1 ; Erisma 3 (3/3) 1 (4/5) 5 ; Erismadelphus 3 (1/1) 1 (2/2) 5 ; Qualea 3 (6/6) 1 (49/59) 5 ; Salvertia 3 (1/1) 1, 5 ; Vochysia 3 (78/78) 1, 5 Data from Chenery (1948a) 1 , Webb (1954) 2 , Kukachka and Miller (1980) 3 , Masunaga et al. (1998c) 4 , Metcalfe and Chalk (1983) 5 , own tests 6 ; ? = unknown; if known, the nominator in parentheses gives the number of Al-accumulating specimens, the denominator is the total number of specimens tested; taxa in bold include Al accumulators; non-accumulating taxa are not bold.
Besides Melastomataceae and Memecylaceae, Al accumulation is very common in the Vochysiaceae. All wood samples of the Vochysiaceae tested reacted positively (Kukachka and Miller, 1980) , and almost all representatives of the family are accumulators (Chenery, 1948b; Metcalfe and Chalk, 1983) . Although the latter authors admitted that some of the tests proved to be negative when tested again, it is clear that very high Al levels are characteristic of this family. Indeed, the greatest amount of Al detected by Kukachka and Miller (1980) was found in Vochysia hondurensis Sprague, which contained 325 500 mg kg ±1 in ash or 7779 mg kg ±1 in wood. High Al levels are also found in nearly all members of the Crypteroniaceae and in two samples of Rhynchocalyx (Rhynchocalycaceae).
On the other hand, the feature seems to be completely absent in Alzateaceae, Heteropyxidaceae, Lythraceae, Oliniaceae, Onagraceae, Penaeaceae and Psiloxylaceae. Although most members of the Myrtaceae and Combretaceae appear to be negative, a few specimens at least have been reported to be accumulators. Masunaga et al. (1998c) detected high Al concentrations in leaves of three species of Eugenia (Myrtaceae), but in six other species of this genus the Al content was below 1000 mg kg ±1 in the leaves. Positive leaf-tests were also reported for Eugenia as well as for Xanthostemon (Metcalfe and Chalk, 1983) . The latter genus has recently been suggested to occupy the most basal position within the Myrtaceae, but the inclusion of Eugenia in the myrtoid clade suggests a much more derived position (Wilson et al., 2001) . Only two positive specimens are known for the Combretaceae (Table 3) .
The distribution of Al accumulators is plotted on a hypothetical tree that is based on recent phylogenetic analyses of rbcL gene sequences (Conti et al., 1997; Savolainen et al., 2000; Wilson et al., 2001 ; Fig. 2 ). The present evidence on Al accumulation implies that the character is mainly restricted to the basal families in the Melastomataceae and Myrtaceae lineage, but is absent or very rare in the clade including Onagraceae, Lythraceae s.l. and Combretaceae. It is suggested that Al accumulation has been lost several times within the order: (1) in Onagraceae, Lythraceae s.l. and Combretaceae; (2) in Myrtaceae, Psiloxylaceae and Heteropyxidaceae; and (3) in Oliniaceae, Penaeaceae and Alzateaceae. Furthermore, Al accumulation con®rms, to some extent, phylogenetic relationships between Memecylaceae and Melastomataceae, with the Crypteroniaceae and Rhynchocalycaceae as the Alaccumulating branches in its sister clade. Vochysiaceae possibly take the most basal position within the Myrtaceae alliance. Traditionally, the taxonomic position of the Vochysiaceae is in the Polygalales, and its placement in the Myrtales has been proposed only recently based on molecular data (Conti et al., 1996 (Conti et al., , 1997 . Morphological F I G . 2. Al accumulation plotted on a hypothetical tree of the order Myrtales that is based on rbcL gene sequences (Conti et al., 1997; Savolainen et al., 2000; Wilson et al., 2001) , with ACCTRAN character state optimatization.
characters such as vestured pits, bicollateral vascular bundles and several embryological features provide additional support for this position (Boesewinkel and Venturelli, 1987; Baas et al., 2000; Jansen et al., 2001) . More data are required to comment on the probably very sporadic occurrence of Al accumulation in Combretaceae and Myrtaceae. The distribution of Al accumulators in the Myrtaceae may be associated with the occurrence of typical ectomycorrhizal associations. It is generally considered that most members of this family have dual ectomycorrhizal associations (ECM) and vesicular±arbuscular mycorrhizae (VAM). These mycorrhizal associations possibly limit transport of Al into plant roots since the cell walls of fungi are known to have strong af®nities for metallic cations (e.g. Ashida et al., 1963; Duddrige and Wainwright, 1980) . Contrary to this, however, mycorrhizal associations may also lead to higher Al concentrations in above-ground tissues of some plants (e.g. Liriodendron, Magnoliaceae; Lux and Cumming, 2001 ).
Al accumulation and the colour of fruits,¯owers and leaves
It is well known that colour changes of Hydrangea (Hydrangeaceae)¯owers are due to changes in internal Al levels: the change from pink to blue is associated with the formation of pigments that include Al (Chenery, 1946a (Chenery, , 1948a Takeda et al., 1985; Ma et al., 1997) . Chenery (1946a Chenery ( , 1948a suggested that the correlation between bluē owered and/or fruited species holds true for many Al accumulators, but certainly not all plants with blue¯owers or fruits are Al accumulators.
It is possible that the high Al content plays at least some role in the formation of blue, pink or purple pigments in the accumulators of Melastomataceae and related families. Most Melastomataceae and Memecylaceae have white to purple petals, varying from pink to magenta. For instance, purple¯owers are common in Dichaetanthera, Meriania, Mouriri, Rhynchanthera and Tibouchina, which usually include accumulators, but several examples can be given of accumulators that do not have blue¯owers. Experimental work on Melastoma malabathricum did not show changes in ower colour when plants were cultivated on soils of different pH (T. Watanabe et al., pers. comm.) . Apparently, variation in¯ower colour in a species or genus does not depend solely on Al content in the above-ground plant tissues. In Vochysiaceae, for instance, some Al accumulators show remarkable blue¯owers, while others have brilliantly yellow in¯orescences in the¯owering season (e.g. Lu Èttge, 1992).
Blue to dark blue, purple or black fruits are more widespread in the Melastomataceae and Memecylaceae than are blue¯owers. For instance, they occur in species of Clidemia, Leandra, Miconia and Melastoma. The name of the latter genus comes from the¯eshy placentas, which usually are dark blue to black (Greek`melanos') and which stain the mouth (Greek`stoma') intensively when eaten. A more detailed list of Al accumulators with blue¯owers and fruits was presented by Chenery (1948a) .
Another diagnostic character of Al accumulators is the presence of rather thick, leathery leaves that are typically yellow-green to dark green (Chenery, 1948a, b) . Most of the Al accumulators in the Myrtales (e.g. Vochysiaceae) seem to possess this feature. Nevertheless, application of the Altest is recommended to determine more precisely the presence or absence of high Al levels rather than leaf colour alone.
Some physiological aspects of Al accumulation
Organic acids play a central role in alleviating Al toxicity. Some plants detoxify Al by exudation of organic acids which chelate Al in the rhizosphere. Other plants, including Al-accumulating Melastomataceae, detoxify Al in their leaves by forming complexes with organic acids (Ma, 2000; Ma et al., 2001) . In Melastoma malabathricum L., the form of Al in the leaves was identi®ed as monomeric Al 3+ , Aloxalate, Al-(oxalate) 2 and Al-(oxalate) 3 (Watanabe et al., 1998b) . The form of Al is also shown to be an Al-citrate complex during transport from the roots to the shoots, but is transformed into an Al-oxalate complex for Al storage in the leaves ). Primary accumulation sites of Al in the leaves of this genus are considered to be the apoplast and/or vacuole, in which the harmful effects of excess Al may be limited (Watanabe et al., 1998b) .
Plants that are adapted to acidic soils and high levels of Al do not usually show symptoms of Al toxicity. For instance, Plucknett et al. (1963) found no Al-induced root damage in Melastoma malabathricum L. (Melastomataceae) and Rhodomyrtus tomentosa Wight (Myrtaceae) growing in aluminous soils on Hawaii. Moreover, the growth of Melastoma malabathricum is stimulated by Al and this stimulation is primarily caused by the Al element itself in the plant tissue rather than by the stimulation of P uptake (Watanabe et al., , 1998a . It is also concluded that Al drastically changes the organic acid metabolism of Melastoma, which may affect growth . Similarly, Al-enhanced growth is reported in Miconia albicans (Sw.) Triana (Melastomataceae). The natural environment of this accumulator is the acid latosols of the cerrado region of central Brazil. This species grows poorly on calcareous soils, but when some of its roots are exposed to distilled water containing Al, its growth is improved (Haridasan, 1988) . In the same way, Vochysia thyrsoidea Pohl (Vochysiaceae) does not grow in the absence of Al. Hence, Al seems to be a bene®cial element for at least some representatives of the Melastomataceae and Vochysiaceae, but its possible role in the metabolism of these Al accumulators requires further investigation. The physiological studies mentioned above are restricted to a small number of species, thus further studies are clearly required to demonstrate whether these results can be generalized to other accumulators in the Melastomataceae and related families. 
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